INTRODUCTION
============

Exercise-induced muscle damage (EIMD) occurs by unaccustomed physical activity or rapid and excessive activity ([@b1-tr-34-199]). EIMD is more commonly associated with eccentric exercise that lengthens the muscle under tension rather than concentric exercise that shortens it ([@b2-tr-34-199]). In the previous studies, eccentric contractions have shown to generate more powers ([@b3-tr-34-199]) and decrease recruitment of motor units ([@b4-tr-34-199]) than concentric contraction. In addition, it has suggested that eccentric action decreases attached cross-bridges as it increases the muscle fibre length ([@b5-tr-34-199]). Therefore, eccentric contraction can more mechanically stress out the muscle than concentric contraction and the mechanical stress can contribute to inducing failure of febres ([@b6-tr-34-199]).

EIMD physically causes stiffness, swelling, decreased force of muscular contraction, and delayed-onset muscular soreness ([@b7-tr-34-199]), and it physiologically increases muscle blood flow, creatine kinase (CK) activity, lactate dehydrogenase, aldolase, aspartate transferase, and the circulating concentration of muscular cells such as skeletal troponin I, myoglobin and myosin in the blood plasma or serum ([@b8-tr-34-199]--[@b19-tr-34-199]). Unlike blood plasma or serum, there is no urinary CK standard because of the limitation of available information for exercise-induced CK increases and renal function ([@b20-tr-34-199]). Instead, indexes of pigmenturia such as hematuria, hemoglobinuria and myoglobinuria are commonly applied to evaluate rhabdomyolysis in urine from EIMD. Clinically, these change appear from 24 to 48 hr after exercise, and usually disappear after 72 hr of rest ([@b21-tr-34-199]). Additionally, EIMD based on urine could be evaluated by creatine/creatinine ratio, collagen constituents including hydroxyproline and hydroxylysine, or uric acid ([@b22-tr-34-199]). However, the urinary markers for EIMD are still limited because these indexes cover the phenotypes that include muscle diseases and renal failure ([@b23-tr-34-199]).

EIMD-induced muscle is known to result in the release of cellular components through serial processes, beginning with depleting ATP, causing the leakage of extracellular calcium ions into intracellular space due to both Na-K-ATPase and Ca^2+^-ATPase pump dysfunction. The leakage of the contents of muscular cells into the circulation can increase intracellular proteolytic enzyme activity and promote muscle protein degradation and augmented cell permeability ([@b24-tr-34-199],[@b25-tr-34-199]). Especially, EIMD can be triggered by the loss of Ca^2+^ homeostasis and the initiation of the Ca^2+^ overload because of decreased action of Ca^2+^-adenosine triphosphatase (ATPase) during physical activity ([@b26-tr-34-199],[@b27-tr-34-199]). The disruption of cellular Ca^2+^ balance activates Ca^2+^-dependent proteolytic and phospholipolytic pathways which are related with the removal and repair of the damaged muscle ([@b28-tr-34-199],[@b29-tr-34-199]). These cellular responses are regarded as a series of complex events involving increased oxidative stress and inflammatory and immune responses ([@b6-tr-34-199],[@b30-tr-34-199]). However, the mechanisms and metabolic processes of EIMD are not entirely understood.

The omics is a systemic biology to understand the biological process for genomes, transcriptomes, proteomes, and metabolomes in organisms. Metabolomics of the omics is defined as the scientific study of biochemical processes involving endogenous metabolites and informs us about instantaneous and final responses to stresses in various organisms including humans ([@b31-tr-34-199],[@b32-tr-34-199]). Recently, these metabolomic approaches have been extended to sports science to identify biomarkers related to changes in physical performance, muscle fatigue, and muscle damage caused by exercise ([@b33-tr-34-199]).

In this study, we tried to evaluate EIMD and trace its recovery pattern after eccentric exercise using urinary metabolites. Our results could contribute to understanding changes in the metabolomic patterns in urine and to identifying metabolomic markers in muscle damage after eccentric exercise.

MATERIALS AND METHODS
=====================

Subjects
--------

Five male subjects (mean ± standard deviation, age: 21.20 ± 2.05 years; weight: 73.38 ± 7.52 kg; height: 173.40 ± 4.04 cm; muscle: 34.86 ± 1.90 kg; body fat: 14.64 ± 4.41 kg; body mass index: 24.18 ± 1.57) and 6 female subjects (mean ± standard deviation; age: 20.50 ± 0.55 years; weight: 55.87 ± 2.83 kg; height: 162.17 ± 5.31 cm; muscle: 23.07 ± 1.02 kg; body fat: 22.50 ± 3.71; body mass index: 21.28 ± 1.73) were included in the study. Individual information is shown in [Table 1](#t1-tr-34-199){ref-type="table"}. All participants self-reported as being recreationally active (undertaking no more than 1 hr of "moderate" physical activity per week) and did not take part in any structured resistance training. None of the female participants had ever used any form of estrogen-based contraception. All women reported regular menstrual cycles, documenting an average cycle length of 28 ± 1 days. Females were tested on the 14th day (self-reported) of the menstrual cycle to measure estrogen levels at ovulation ([@b34-tr-34-199]). Exclusion criteria included any resistance training in the last six months, occupation or lifestyle that required regular heavy lifting or carrying, any known muscle disorder, the use of dietary supplements (i.e., vitamin E), and any musculoskeletal injury in the last three months. All inclusion and exclusion criteria were determined through participant questionnaire prior to inclusion within this study. This study was approved by the Ethics Committee of Dankook University, in accordance with the ethical standards of the Declaration of Helsinki (DKU 2015-10-005).

Eccentric exercise
------------------

To induce muscle damage by eccentric exercise, the subjects performed a single bout of 30 min of bench-stepping at 60 steps per min at a predetermined step height of 110% of the lower leg length ([@b35-tr-34-199]). Using the present exercise protocol, the exercise work rate can be determined using the mass lifted (body mass or body mass + 10 kg) the step height (110% of the lower leg length, on average 58 cm), the gravitational constant and the stepping frequency (15 cycles per min) ([@b36-tr-34-199]).

Measuring muscle soreness
-------------------------

A visual analogue scale (VAS) was used to assess the volunteers' muscle soreness. In each evaluation, the same researcher instructed the subjects in a standardized manner to perform a sub-maximal voluntary isometric knee extensor contraction, marking a vertical line at the scale point that best reflected their muscle soreness. The 100-mm horizontal line of the VAS had no marks or numbers, only indications of no soreness at the beginning or extreme soreness at the end of the exercise line. The soreness was quantified using the distance between the initial point line (0 mm) and the point marked by the subject ([@b37-tr-34-199]).

Measurement of muscle strength
------------------------------

Subjects were properly positioned with the dominant lower limb on the Isokinetic Dynamometer Biodex System 3 Pro (Biodex Medical System, Shirley, NY, USA), following the manufacturer's recommendations for evaluating knee flexion-extension movements. Before each evaluation, a warm-up was performed of 10 concentric knee flexion-extension repetitions at 180° seg^−1^ and maximal range of motion. Muscle strength was assessed through the highest torque value obtained among three 5-s maximal voluntary contraction (MVC) at 60° of knee flexion (0° = full knee extension). Participants received a two-min rest between each MVC to minimize any possible fatigue effects. Volunteers were previously instructed to perform maximal force and verbal encouragement was given by researchers in each MVC ([@b38-tr-34-199]).

Urine collection
----------------

Urine was collected from the subjects before the exercise and again immediately, 2 hr, 24 hr, 48 hr, 72 hr, and 96 hr after the exercise ([Fig. 1A](#f1-tr-34-199){ref-type="fig"}). The urine samples were stored at −70°C until analysis.

^1^H NMR spectroscopic analysis
-------------------------------

After the urine samples were thawed at 4°C, they were centrifuged to remove solids. A 600 μL aliquot of the supernatant was added to a microcentrifuge tube containing 70 μL of D~2~O solution with 5 mM DSS and 10 mM imidazole. DSS was used as the qualitative standard for the chemical shift scale. In addition, 30 μL of 0.42% sodium azide was added. After vortexing, this solution was adjusted to pH 6.8, and the urine sample was analyzed with a nuclear magnetic resonance (NMR) spectrometer within 48 hr. All spectra were determined using a Varian Unity Inova 600 MHz spectrometer at Pusan National University (Busan, Korea) operating at 26°C. One-dimensional NMR spectra were acquired with the following acquisition parameters: spectral width 24038.5 Hz, 12.53 min acquisition time, and 128 nt. Additional conditions were set of a relaxation delay time of 1 s and saturation power of 4 to suppress massive water peaks. The NMR spectra were reduced to data using the Chenomx NMR Suit program (ver. 4.6, Chenomx Inc., Edmonton, Alberta, Canada). The δ0.0\~10.0 spectral region was segmented into regions of 0.04 ppm width to provide 250 integrated regions in each NMR spectrum. This binning process endowed each segment with an integral value that provided an intensity distribution of the whole spectrum with 250 variables prior to the pattern recognition analysis. The spectrum region of water (δ4.5\~5.0) was removed from the analysis to prevent variation in water suppression efficiency. We also identified and quantified the spectra using the Chenomx NMR Suit Professional software package ver. 4.6 (Chenomx Inc.). DSS was used as the concentration reference at a concentration of 0.5 mM, and 2D NMR analysis was also performed to validate the identification of endogenous metabolites. Metabolite concentrations were expressed as relative ratio values normalized to creatinine concentration, assuming a constant rate of creatinine excretion in every urine sample.

Principal component analysis (PCA) and orthogonal partial least square-discriminant analysis (OPLS-DA)
------------------------------------------------------------------------------------------------------

All data were converted from the NMR software format into Microsoft Excel (Microsoft, Seattle, WA, USA). One-dimensional NMR spectra data were imported into SIMCA-P (version 12.0, Umetrics Inc., Kinnelon, NJ, USA) for multivariate statistical analysis to examine intrinsic variations in the data set. These data were scaled using centered scaling prior to the PCA and OPLS-DA. For the scaling process, the average value of each variable was calculated and then subtracted from the data. PCA and OPLS-DA score plots were used to interpret intrinsic variation in the data.

Statistical analyses
--------------------

The changes in the muscle soreness and MVC over time after the eccentric exercise were analyzed by a one-way repeated measures ANOVA, followed by a Tukey's post hoc test when a significant time effect was found to locate the time points that were different from the baseline values. All analyses were conducted with SPSS software (version 20.0, SPSS Inc., Chicago, IL, USA), and a *p* \< 0.05 was considered statistically significant. Means and standard deviations of the metabolites were also calculated using Microsoft Excel. The statistical significance (*p* \< 0.05, *p* \< 0.01, or *p* \< 0.001) of apparent differences in metabolite concentrations between before and after the eccentric exercise were assessed using analysis of variance, followed by Bartlett's test (Prism 5.01, GraphPad, San Diego, CA, USA).

RESULTS
=======

Muscle soreness developed after the eccentric exercise, peaking at 48 to 72 hr later in both male and female subjects ([Fig. 1B](#f1-tr-34-199){ref-type="fig"}). The MVC torque decreased at 0 to 48 hr after the eccentric exercise in the male subjects and 2 hr later among the female subjects ([Fig. 1C](#f1-tr-34-199){ref-type="fig"}). However, the MVC torque had returned to baseline by 96 hr after the eccentric exercise in both male and female subjects ([Fig. 1C](#f1-tr-34-199){ref-type="fig"}).

Through the metabolite analysis for the urine samples, the PCA showed clear separation of the metabolic patterns between male and female subjects at all time points ([Fig. 2A](#f2-tr-34-199){ref-type="fig"}). Subsequently, the trajectory analysis of PCA score plots for the metabolic patterns between male and female subjects can really reflect the sexual differences from muscle damages to its recovery. From the trajectory analysis, the metabolomic patterns of male subjects had changed rapidly from 24 to 72 hr after the eccentric exercise and then gradually restored themselves by 96 hr. However, the metabolomic patterns of female subjects had changed conspicuously at only 0 hr after the eccentric exercise and did not show the restoration that was seen among the males ([Fig. 2B](#f2-tr-34-199){ref-type="fig"}). When OPLS-DA was performed on the metabolites, metabolomic patterns in the male and female subjects were clearly separated at all time points ([Fig. 2C](#f2-tr-34-199){ref-type="fig"}).

To evaluate metabolites which contribute to metabolomic patterns for each group, variable importance plots (VIPs) were derived from the OPLS-DA between male and female subjects. Total 82 metabolites were scored to reflect their importance for the metabolomic patterns between male and female subjects ([Table 2](#t2-tr-34-199){ref-type="table"}). When VIP scores were confined to \> 1 from the VIPs to select more convincing metabolites, 10 and 4 metabolites were found in males and females and 5 metabolites were commonly found in both males and females ([Table 3](#t3-tr-34-199){ref-type="table"}).

From the statistical analysis, 10 of the selected 15 metabolites in male subjects had increased significantly after the eccentric exercise, most between 24 and 72 hr later. Alanine, formate, and glycine had commonly increased between 24 hr and 72 hr, whereas asparagine, citrate, ethanol, glucose, histidine, and lactate only increased 48 hr later. In addition, creatine phosphate increased 24 hr later ([Fig. 3A](#f3-tr-34-199){ref-type="fig"}). In contrast, among the females, only adenine from the selected 9 metabolites had increased significantly 2 hr after the eccentric exercise ([Fig. 3B](#f3-tr-34-199){ref-type="fig"}).

DISCUSSION
==========

Exercise-induced muscle damage that is closely related with eccentric exercise leads to increased intramuscular proteins in the blood (e.g., creatine kinase) ([@b39-tr-34-199]) and the delayed onset of muscle soreness ([@b40-tr-34-199]) but decreased muscle strength and range of motion ([@b41-tr-34-199]). Researchers in previous studies have measured VAS and MVC to assess muscle soreness and muscle strength, respectively ([@b38-tr-34-199],[@b42-tr-34-199]). In the current study, muscle soreness in both males and females increased after the eccentric exercise and distinctly decreased beginning 72 hr later, and the patterns were similar between the men and the women ([Fig. 1B](#f1-tr-34-199){ref-type="fig"}). In addition, male MVC torque decreased rapidly at 0 hr after the eccentric exercise and steadily recovered from 2 to 96 hr later, and female MVC torque decreased only at 0 hr after the exercise (*p* \< 0.05); however the recovery patterns were similar in both groups ([Fig. 1C](#f1-tr-34-199){ref-type="fig"}). These results suggested that the subjects responded to EIMD in a sex-dependent manner.

Notably, PCA metabolomic pattern results also differed between males and females without the eccentric exercise ([Fig. 2A](#f2-tr-34-199){ref-type="fig"}). A number of studies have shown sex differences in muscle damage and repair processes ([@b30-tr-34-199]). Other studies, however, have reported that these sex-different responses to muscle-damaging exercise are related to poor study design and that there may be little or no difference between males and females in the responses under elaborated conditions ([@b43-tr-34-199],[@b44-tr-34-199]). Furthermore, the previous metabolomic research has shown distinct baseline metabolomic patterns between males and females ([@b45-tr-34-199],[@b46-tr-34-199]), and the hormone fluctuations related to menstruation could directly or indirectly affect responses to exercise-induced muscle disruption ([@b47-tr-34-199]). In our results, the metabolomic patterns among the females were more dispersed than were the metabolomic patterns in the men ([Fig. 2A](#f2-tr-34-199){ref-type="fig"}). Collectively, the differences in the metabolomic patterns between the male and female subjects suggest origins in innate sex differences rather than effects from muscle damage.

In the metabolomic trajectory pattern using PCA, the mean pre-exercise values among the men shifted rapidly at 24 hr and reached their maximums at 48 hr after the eccentric exercise, appearing to then return to the pre-exercise values by 96 hr later. In contrast, the shift in the female mean reached its maximum during pre-exercise, following which the women's shift patterns were more erratic than those of the men ([Fig. 2B](#f2-tr-34-199){ref-type="fig"}). From these results, we suggest that metabolic changes in men following muscle damage reach their maximum at 48 hr after eccentric exercise and that these changes stabilize to their pre-exercise values more slowly than do conventional VAS and MVC.

In metabolomic approaches, creatine kinase and the related metabolites such as creatine and creatine phosphate have been widely considered biomarkers for muscle damage ([@b30-tr-34-199]). The creatine phosphate circuit, which shows the rephosphorylation of creatine in mitochondria using ATP, together form the core of an energy network in both the cytosol and mitochondria of tissues that demand high energy such as the muscles and the brain ([@b48-tr-34-199]). In addition, muscles take in glucose from the circulating blood to produce energy, and the glucose in the muscles degrades to pyruvate through glycolysis. Subsequently, pyruvate generates acetyl-CoA to form citrate through the tricarboxylic acid cycle or is converted to alanine or lactate through serial processes. Recently, citrate synthase activity was validated as a biomarker for mitochondrial density in skeletal muscle ([@b49-tr-34-199]). Meanwhile, the transmitted alanine and lactate are transferred from muscles to liver by blood circulation to resynthesize glucose. From the energy metabolism processes, alanine and lactate increase in the body's circulation system ([@b50-tr-34-199]). Thus, alanine, citrate, creatine phosphate, glucose, and lactate could be evaluated as markers that are correlated with energy production after energy consumption by exercise.

Intensive and prolonged exercise has also been correlated with the generation of free radicals and with oxidative damage to cellular constituents ([@b51-tr-34-199],[@b52-tr-34-199]). One study showed that histidine in microbes could be utilized as a source of antioxidant to cells ([@b53-tr-34-199]). This result implies that histidine in the body could contribute to relieving oxidative stress from exercise. Muscle damage also involves inflammatory responses in the body ([@b54-tr-34-199]). Previously, glycine infusion has been shown to have a cytoprotective effect against ischemia-reperfusion injury ([@b55-tr-34-199],[@b56-tr-34-199]), and recent studies have indicated that glycine could be an effective anti-inflammatory agent that preserves muscle function ([@b57-tr-34-199],[@b58-tr-34-199]). Therefore, histidine and glycine could be considered indirect EIMD markers.

Asparagine, ethanol, and formate were also increased after the eccentric exercise. Formate and ethanol in microbes have in particular been reported for anaerobic energy production, including glucose metabolism under anaerobic conditions or fermentation after pyruvate formation ([@b59-tr-34-199]--[@b61-tr-34-199]). However, the roles of these metabolites after EIMD are still unclear.

In conclusion, we found changes in urinary metabolomic patterns after participation in eccentric exercise and increased levels of specific metabolites from 24 to 72 hr, which suggested involvement in muscle damage or recovery. These results also suggested that the endogenous metabolites increased more among men following EIMD and that further study is needed among females in order to understand possible interferential effects of female hormones such as estrogen.
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![(A) Schematic diagram of the experimental schedule in the study and (B) changes in visual analogue scale (VAS) and (C) maximal voluntary contraction (MVC) before the eccentric exercise (Pre) and according to the elapsed time (at 0, 2, 24, 48, 72, and 96 hr) after the eccentric exercise. Values are mean ± SD. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.](tr-34-199f1){#f1-tr-34-199}

![(A) Comparisons of metabolic patterns between male and female subjects according to the elapsed time after the eccentric exercise. Principal Components Analysis (PCA) before the eccentric exercise (Pre) (R^2^X: 0.653; Q^2^: 0.0614) and PCA at 0 hr (immediately after the eccentric exercise) (R^2^X: 0.608; Q^2^: 0.107), at 2 hr (R^2^X: 0.61; Q^2^: −0.0429), 24 hr (R^2^X: 0.58; Q^2^: 0.0539), 48 hr (R^2^X: 0.563; Q^2^: −0.141), 72 hr (R^2^X: 0.506; Q^2^: −0.21), and 96 hr (R^2^X: 0.665; Q^2^: 0.188) after the eccentric exercise, compared between males and females, respectively. (B) Trajectory analysis using the principal components analysis (PCA) (R^2^X: 0.681; Q^2^: 0.547) based on mean data for ^1^H NMR of urine samples of the subjects according to elapsed time (at 0, 2, 24, 48, 72, and 96 hr) after the eccentric exercise. (C) The score plots showing that the clustering are completely separated in male (R^2^X: 0.551; R^2^Y: 0.191; Q^2^: −0.0411) and female (R^2^X: 0.483; R^2^Y: 0.158; Q^2^: −0.192) using the Orthogonal Partial Least Square-Discriminant Analysis (OPLS-DA).](tr-34-199f2){#f2-tr-34-199}

![(A) From the male VIP scores, concentration of the major metabolites (VIP \> 1) in urine samples of the subjects before the eccentric exercise (Pre) and according to the elapsed time (at 0, 2, 24, 48, 72, and 96 hr) after the eccentric exercise. (B) From the female VIP scores, concentration of the major metabolites (VIP \> 1) in urine samples of the subjects before the eccentric exercise (Pre) and according to the elapsed time (at 0, 2, 24, 48, 72, and 96 hr) after the eccentric exercise. Error bars are expressed as SD. \**p* \< 0.05; \*\**p*\<0.01; \*\*\**p* \< 0.001. ^†^Indicates overlapped metabolites among the major metabolites of male and female.](tr-34-199f3){#f3-tr-34-199}

###### 

Physical properties including sex, age, height, body weight, muscle, body fat, and body mass index (BMI) of the individual subjects were recorded before the eccentric exercise

  ID          Sex      Age (year)   Height (cm)   Body weight (kg)   Muscle (kg)   Body fat (kg)   Body mass index (BMI)
  ----------- -------- ------------ ------------- ------------------ ------------- --------------- -----------------------
  Subject1    Male     22.00        168.00        67.20              34.30         11.50           23.00
  Subject2    Male     23.00        173.00        70.90              33.50         11.90           23.70
  Subject3    Male     19.00        172.00        67.20              33.10         13.50           22.70
  Subject4    Male     19.00        175.00        76.70              35.60         14.00           25.00
  Subject5    Male     23.00        179.00        84.90              37.80         22.30           26.50
  Mean                 21.20        173.40        73.38              34.86         14.64           24.18
  SD                   2.05         4.04          7.52               1.90          4.41            1.57
  Subject6    Female   21.00        170.00        56.60              24.70         19.80           19.60
  Subject7    Female   20.00        158.00        53.00              23.00         21.00           21.20
  Subject8    Female   21.00        164.00        53.60              22.90         22.40           19.90
  Subject9    Female   20.00        166.00        56.80              23.00         25.40           20.60
  Subject10   Female   20.00        158.00        60.70              23.30         18.20           24.30
  Subject11   Female   21.00        157.00        54.50              21.50         28.20           22.10
  Mean                 20.50        162.17        55.87              23.07         22.50           21.28
  SD                   0.55         5.31          2.83               1.02          3.71            1.73

SD, standard deviation.

###### 

VIP scores showed that list of metabolites which contributed to separation of the clustering in male (R^2^X: 0.551; R^2^Y: 0.191; Q^2^: −0.0411) and female (R^2^X: 0.483; R^2^Y: 0.158; Q^2^: −0.192) by OPLS-DA
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VIP, variable important plots.

Bold box indicates major metabolites which have more than VIP score 1 by the OPLS-DA.

###### 

List of sex-specific and common metabolites from the major metabolites (VIP scores \> 1) in male and female

  Clustering                        Total   Urinary metabolites
  --------------------------------- ------- -----------------------------------------------------------------------------------------------------------------------------
  Male only                         10      Alanine, asparagine, ethanol, ethylene glycol, formate, glucose, glutamine, guanidoacetate, lactate, trimethylamine n-oxide
  Female only                       4       Adenine, cis-aconitate, ethanolamine, hippurate
  Overlap between male and female   5       Citrate, creatine phosphate, glycine, histidine, taurine

[^1]: The first two authors contributed equally to this work.
